LPS-induced TNF-α factor (LITAF) mediates cytokine expression in response to endotoxin challenge. Previously, we reported that macrophage-specific LITAF-deficient (macLITAF −/− ) mice exposed to LPS have a delayed onset in the serum levels of proinflammatory cytokines and prolonged persistence of anti-inflammatory cytokines, but only partial protection from endotoxic shock. We postulated that greater protection might be achieved if LITAF were deleted from all LITAF-producing cells, including macrophages. Using a Cre-loxP system, we engineered a tamoxifen-induced recombination mouse [tamLITAF(i)
LPS-induced TNF-α factor (LITAF) mediates cytokine expression in response to endotoxin challenge. Previously, we reported that macrophage-specific LITAF-deficient (macLITAF −/− ) mice exposed to LPS have a delayed onset in the serum levels of proinflammatory cytokines and prolonged persistence of anti-inflammatory cytokines, but only partial protection from endotoxic shock. We postulated that greater protection might be achieved if LITAF were deleted from all LITAF-producing cells, including macrophages. Using a Cre-loxP system, we engineered a tamoxifen-induced recombination mouse [tamLITAF(i)
] that resulted in whole-body LITAF deficiency. Our findings demonstrate that (i) tamLITAF(i) −/− mice are more resistant to systemic Escherichia coli LPS-induced lethality than our previous macLITAF −/− mice, providing evidence that LITAF-producing cells other than LysMCre-positive cells play an important role in mediating endotoxic shock; (ii) tamLITAF(i) −/− mice show a similar pattern of cytokine expression with decreased proinflammatory and prolonged anti-inflammatory mediators compared with WT mice; and (iii) tamLITAF(i) −/− mice, compared with WT mice, display a significant reduction in bone resorption and inflammation associated with a local chronic inflammatory disease-namely, collagen antibody-induced arthritis. Our findings offer a unique model to study the role of LITAF in systemic and chronic local inflammatory processes, and pave the way for anti-LITAF therapeutic approaches for the treatment of TNF-mediated inflammatory diseases.
septic shock | multiplex I nflammation is an innate response to tissue injury, pathogen insults, or trauma; it is highly deleterious to the host and, as such, warrants better understanding (1) (2) (3) (4) . When inflammatory responses are uncontrolled, detrimental-sometimes even lethaloutcomes can occur. Systemic conditions, such as sepsis and septic shock, which exhibit a high mortality rate, and local conditions, such as chronic rheumatoid arthritis, which plague over 5.3 million individuals worldwide, are caused by a dysfunction of the inflammatory system (5, 6) . Traditional treatments have been shown to have deleterious long-term consequences (7) (8) (9) . Therapeutics such as anti-TNF-α drugs are useful, but their safety and efficacy can still be improved (10) .
In 1998, we isolated and characterized LPS-induced TNF-α factor (LITAF) with activity on TNF-α transcriptional regulation (11, 12) . TNF expression is tightly linked to proinflammatory and proapoptotic pathways, and its overproduction can be lethal, as seen in septic shock. LITAF, in its phosphorylated form, translocates to the nucleus where it binds to the promoter regions of TNF-α, MCP-1, and other cytokines, thus regulating their expression (13, 14) . LITAF expression can be induced by either Escherichia coli or Porphyromonas gingivalis LPS engaging either TLR-4 or TLR-2, respectively (15) . Previously, we demonstrated that mice with LITAF-deficient macrophages (macLITAF −/− ) are more resistant to the deleterious effects of the LPS-induced proinflammatory cascade and endotoxic shock than wild-type (WT) mice. In these mice, serum levels of proinflammatory cytokines adopt a slower yet gradual increase compared with WT mice, whereas anti-inflammatory cytokines just as in WT mice remain significantly elevated for a longer time (13) . Nonetheless, only partial protection from LPS-induced lethal endotoxic shock was achieved. We questioned whether an extension of LITAF deficiency to other LITAF-producing cells in addition to macrophages would improve protection against the deleterious effects of inflammation (16) .
We generated a mouse with whole-body LITAF deficiency to investigate the impact of broader LITAF deletion in inflammatory diseases. Our findings indicate that whole-body excision of LITAF has dramatic effects on systemic and chronic local inflammatory responses. These data highlight the potential benefit of targeted approaches aimed at interfering with overall LITAF function to develop better therapeutics for the treatment of systemic and local forms of inflammation.
Results
Whole-Body Tamoxifen-Inducible LITAF
] was selected for experimental use over a constitutive complete LITAF deletion because it was readily available, time-saving, and proven successful in pilot studies. LITAF was successfully ablated, and its excision was confirmed in bone marrow, brain, heart, lung, liver, kidney, spleen, and skeletal muscle after tamoxifen stimulation, providing a reliable model for studying the role of LITAF in different inflammatory processes. The WT LITAF bands were consistent with our previous studies with a notable absence of LITAF in the kidneys. The tamLITAF(i) −/− tissues showed no LITAF protein compared with the WT (Fig. 1 ).
Survival Rates of LPS-induced Endotoxin Challenge in TamLITAF(i)
−/− and WT Mice. Two models were tested: (i) WT and tamLITAF(i) −/− mice were subjected to a model of lethal TNF-α sensitization by pretreatment with D-GalN, a known factor that sensitizes mice to the lethal effects of LPS and causes death due to TNF-α toxicity (16, 17) . The D-GalN was followed by an i.p. injection of a lethal dose of E. coli LPS (25 μg). Most deaths in the WT group occurred between 5 and 8 h after injection, whereas the tamLITAF (i) −/− group did not have any observed deaths until hour 12. After 13 h, 11 of the 13 (85%) tamLITAF(i) −/− mice survived, and none of the 14 WT mice survived. There were no deaths in the tamLITAF(i) −/− mice during the remaining 11 h of the study or in the 3 d following ( Fig. 2A) . These data show that complete excision of LITAF provides greater protection from the lethal effects of LPS-induced TNF-α-mediated septic shock compared with WT mice.
(ii) WT and tamLITAF(i) −/− mice were injected i.p. with a lethal dose of E. coli LPS (1,000 μg) in the absence of D-galactose (D-Gal) sensitization to simulate a more pathophysiological septic shock. Deaths in the WT group occurred between 24 and 48 h after LPS injection, whereas mice showed no statistically significant differences compared with serum from WT mice, However, 6 h after injection, compared with the WT mice, serum from tamLITAF(i) −/− mice demonstrated statistically significant (P < 0.05) reductions in the proinflammatory cytokines IL-5, IL-12p40, IL-15, LIF, M-CSF, and TNF-α; IL-6 and IL-10 were significant to P < 0.01 (Fig. 3A) . Likewise, significant (P < 0.05) reductions were also observed in the proinflammatory chemokines KC, MIP-1b, and MIP-2; eotaxin, IP-10, MCP-1, MIG, and RANTES had a significance of P < 0.01 (Fig. 3B) . There was also a significant (P < 0.05) reduction in the anti-inflammatory cytokine IL-13 (Fig. 3C) .
Similarly, in the high-dose LPS challenge, WT and tamLITAF (i) −/− mice were administered a lethal dose of E. coli LPS. Ninety minutes after injection, compared with the WT animals, tamLI-TAF(i)
−/− mice serum demonstrated statistically significant reductions in the proinflammatory cytokines GM-CSF, INF-y, IL-9, IL-10, IL-12, IL-3, M-CSF, and TNF-α (Fig. 4A) . A trend in the reduction of the anti-inflammatory cytokines IL-5, IL-6, and IL-13 was demonstrated, but statistical significance was not achieved. Three hours after injection, compared with the WT mice, the serum levels of the proinflammatory cytokines IL-3, IL-15(i) −/− mice demonstrated statistically significant reductions (Fig. 4A ). Significant reductions were also observed in the proinflammatory chemokines IP-10, LIX, MCP-1, KC, and RANTES (Fig. 4B ). The serum levels of the chemokines MIG, LIX RANTES, and M-CSF that were reduced at 90 min were also reduced at 3 h (Fig. 4B ).
Comparison of Clinical and Histological Effects of Arthritis-Inducing Antibody Mixture in WT and TamLITAF(i)
−/− Mice. To explore how whole-body excision of LITAF might affect a local model of inflammation, WT and tamoxifen-induced LITAF −/− mice were both subjected to collagen antibody-induced arthritis (CAIA). The severity of the clinical presentation of arthritis after LPS stimulation was graded. A greater degree of inflammation in metatarsophalangeal and interphalangeal joints along with edema was observed macroscopically in paws of WT mice compared with tamLITAF −/− mice (Fig. 5A ). Three days after LPS stimulation, significantly more inflammation was observed in the WT compared with the tamLITAF(i) −/− mice. This response became more exaggerated and lasted throughout the remainder of the study ( Fig. 5 A and C). To substantiate these macroscopic findings, histological analysis was performed. The WT mice had a higher presentation of pannus, synovitis, and inflammation compared with the tamLITAF(i) −/− mice (P < 0.05). Furthermore, the tamLITAF(i) −/− animals demonstrated a decrease in bone resorption compared with the WT (P < 0.05; Fig. 5 B and D) . The histological evidence, in concert with the clinical presentation, shows that the whole-body excision of LITAF can effectively decrease the deleterious effects of CAIA disease. In addition to a reduction in inflammation and bone loss, tamLIFAF(i) paws stained with an antibody against TNF-α displayed a substantial reduction in of TNF expression compared with WT paws (LITAF +/+ ; Fig. 5B ). Repeated-measures ANOVA was performed on clinical arthritis scores (CAS) for values observed from day 2 to day 7 in the experimental and control groups (day 1 was omitted because all values in both groups were zero). The model included treatment group (group), time (day), and a group × day interaction. Highly significant effects were observed by repeated-measures ANOVA for tamLITAF(i) (P = 0.0002), reflecting the overall mean differences between the tamLITAF(i) and WT animals, for day (P < 0.0001), reflecting the increasing scores over time, and for the group × day interaction (P = 0.0002), reflecting the progressively greater difference in mean scores over time between the two groups. By Wilcoxon rank-sum tests, mean CAS for WT animals were marginally higher (P = 0.05) at day 2 and substantially higher at days 3-7 (all P ≤ 0.01) relative to tamLITAF(i).
Discussion
Using this model of whole-body excision of LITAF, we demonstrated that both systemic and local forms of inflammation are significantly reduced. Our results indicate the importance of LITAF in cells (i.e., macrophages, lymphocytes, or fibroblasts) other than LysMCre-positive cells, as evidenced by a reduced responsiveness to endotoxic challenge obtained in tamLITAF (i) −/− mice than previously reported in our macLITAF −/− (15). However, other cells, in addition to macrophages, are involved in systemic inflammation and associated inflammatory pathways (18) , yet no studies have examined the effect of whole-body LITAF deficiency on the response to inflammatory stimulants.
We show that the complete excision of LITAF has myriad ramifications on innate and acquired immunity. In our previous study using the D-GalN model, removing LITAF only from macrophages led to a survival rate of 53%. In the present study, wholebody removal of LITAF led to a survival rate of 83%. Although previously debated, there is now agreement that the D-GalN model yields lethality due to TNF-α production targeting the liver and subsequently leading to hepatic necrosis and apoptosis (19) . Marino and colleagues (20) demonstrated that even at a high dose of LPS, TNF-α knockout ( −/− ) mice suffered no deaths, whereas all of the controls succumbed to the effects of TNF-α. Our results using the D-GalN lethality model indicate that excision of LITAF ameliorated these adverse effects in the liver and subsequently increased survival in the tamLITAF(i) −/− animals. However, to ensure that the systemic endotoxic shock involves multiple organ systems, high-dose LPS injection without prior D-GalN pretreatment was used. This method yielded no mortality among the tamLITAF(i) −/− mice, yet only 40% of the WT animals survived. This increased resistance to endotoxic shock illustrates that the full deletion of LITAF, targeting all cells, is important to achieve greater protection to LPS challenge (21) .
Our data from WT mice is consistent with observations that an important release of proinflammatory mediators is produced at the onset of sepsis followed by anti-inflammatory mediators to limit proinflammatory deleterious effects (22) . However, tam-LITAF(i) −/− mice exhibited reduced levels of pro-and the antiinflammatory mediators, demonstrating that LITAF may have transcriptional regulation on pro-as well as anti-inflammatory mediators. Although tamLITAF(i) −/− mice exposed to LPS had a greater reduction of pro-and the anti-inflammatory mediators than macLITAF −/− mice, the general pattern of cytokine expression was comparable. More specifically, tamLITAF and macLITAF mice both exhibited significant reductions in the production of inflammatory cytokines TNF-α, IL-6, and IL-13, and proinflammatory chemokines eotaxin, KC, and MCP-1, 6 h postinjection compared with WT. However, even with full excision of LITAF, a number of mediators remain unaffected and follow the established septic response, suggesting that the endotoxic shock triggers multiple pathways in addition to LITAF- mediated responses that warrant further investigation. Together, these findings further support the observation that whole-body deletion of LITAF leads to a reduced systemic inflammatory response, providing the animals (when exposed to lethal LPS doses) greater control over the adverse effects of septic shock. Regarding local chronic inflammatory processes, we tested LITAF deficiency in CAIA (23) (24) (25) . Rheumatoid arthritis is a condition emerging mainly in response to chronic overexpression of TNF-α partly regulated by LITAF. We hypothesized that wholebody LITAF excision would improve the clinical signs of CAIA. Macroscopic examinations disclosed clear evidence that LITAF intervenes in mediating the deleterious effects of CAIA. tamLI-TAF(i) −/− mice did not experience any adverse effect on gait due to a significant reduction of paw swelling and redness compared with WT mice. Our histological data confirm these findings that tam-LITAF(i) −/− mice exhibit significantly less inflammation and bone resorption compared with WT mice. Given the relationship between inflammation and bone loss (26, 27) , the absence of LITAF clearly leads to decreased inflammation in tamLITAF(i) −/− mice as well as decreased bone resorption. Our findings also support the observation that inflammatory cytokines are integral to the development and maintenance of arthritis (26, 27) . One way this whole-body LITAF deletion may be beneficial is the reduction of the levels of proinflammatory cytokines involved in the pathogenesis of this condition. There exists a positive feedback loop where the presence of proinflammatory cytokines induces expression of other inflammatory cytokines, and a disruption of this process is possibly mediated via LITAF. It is pertinent to mention that LITAF binding sites have been identified on several promoters of pro-and anti-inflammatory mediators (MCP-1, IL-6, and IL-10) in addition to TNF, suggesting that the reduced LPS-induced lethality and milder clinical and histological inflammatory arthritis (IA) features observed in tamLITAF(i) −/− mice may result from the decrease of activation of mediators regulated by LITAF. Indeed, using anti-IL-6 and anti-IL-1 receptor mABs, Kawane et al. (28) were able to impede the "cytokine storm" and block joint swelling. Furthermore, Maia et al. (29) used ArthroMAB to induce CAIA, and found that removing the cytoplasmic domain of CD248 impaired TNF-α-induced monocyte adhesion, underscoring the importance of regulating TNF-α production in rheumatoid arthritis. Recent clinical trials demonstrated that soluble tumor necrosis factor-receptor immunoglobulin fusion protein (TNFRIg) and anti-TNF-α antibodies can reduce synovitis and serum markers for inflammation. However, there is no data regarding long-term prevention from bone and cartilage destruction (26) .
The rationale for using these two inflammatory models in this study stems from the fact that in essence, immunoinflammatory diseases are fueled by cytokines and regulated by cytokine inhibitors, and the role of LITAF would be evaluated simultaneously systemically (LPS-induced sepsis) and locally (IA). Indeed, pathological features associated with LPS-induced sepsis and IA have in common macrophage-activating cytokines TNF, IL-1, IL-6, or MCP-1 (30) . However, sepsis is known to result from endotoxemia, whereas rheumatoid arthritis is not triggered by LPS, and our model of IA included LPS stimulation where the lack of LITAF could account for the difference. Though LPS stimulates LITAF, other mediators, such cytokines or p53, can also stimulate LITAF (31) (32) (33) . It is conceivable that in human rheumatoid arthritis the role of LITAF would remain predominant as being triggered by endogenous TNF, IL-6, or even p53. There is a pressing need for new pharmacological approaches to reduce the deleterious effects of systemic and local inflammatory responses. The current anti-inflammatory therapies, particularly anti-TNF-α treatments, fall short of expectation. Although a number of these medications have been developed and are presently being prescribed, they can cause serious side effects and are used with discretion (7-10). Novel pharmaceutical approaches are warranted to create compounds that effectively control inflammation and are safe for long-term use for treatment of chronic conditions. Therapeutic methodologies may differ, but we hold that anti-inflammatory molecules acting directly or indirectly on LITAF possess significant promise. Indeed, recently we demonstrated that kavain and related kavalactones treatment of cells suppressed LITAF and reduced TNF-α secretion in macrophages, providing protection in vivo in a TNF-α-driven model of inflammation (34) . Compounds interfering with LITAF may prove to be a promising alternative in the treatment of several cytokine-mediated diseases. Western Blot Analysis. After confirmation of LITAF excision through genotyping, mice were taken to confirm excision in various tissues. Bone marrow, brain, heart, lungs, liver, spleen, kidney, and skeletal muscle tissue were surgically removed, flash-frozen with liquid nitrogen, and grinded with a pestle. RIPA buffer containing proteinase mixture inhibitor was added to each tissue sample (3 mL buffer/1 g tissue). Samples were then sonicated, and protein concentrations were recorded using the Bradford Assay (SmartSpec 3000; Bio-Rad). Equal protein concentrations were separated by SDS/PAGE and transferred to a PVDF membrane blocked with 4% nonfat milk power in Tween/TBS. The proteins from the lysed tissues were detected by Western blotting with antibodies to actin (C-11; Santa Cruz) and LITAF (611615; BD Biosciences). Primary antibodies were incubated at room temperature for 1 h, and secondary antibodies were incubated for 30 min. Protein band intensity was analyzed using VersaDoc Imaging System model 4000MP with Quantity One Quantitation Software version 4.6.3 (Bio-Rad). The membrane was incubated with stripping buffer (Fisher Scientific) according to the manufacturer's instructions between antibodies. curred after 72 h. A table was constructed illustrating the number of deaths in each group. Additionally, blood was collected immediately at time of injection, and 90 min and 180 min postinjection. The serum was separated and stored in −80°C until cytokine analysis could be performed. The mice were closely monitored and assessed for mortality for 72 h.
Materials and Methods

Generation of TamLITAF
Injection of LPS into
Bio-Plex Analysis. Cytokine concentrations adjusted according to the recovery rate from the collected serum were determined using the Bio-Plex Protein Array System (Bio-Rad). Cytokine-specific antibody-coated beads (Millipore) were used for these experiments. The assay was performed in triplicate according to the manufacturer's instructions. Cytokine concentrations were automatically calculated with Bio-Plex Manager software by using a standard curve derived from a recombinant cytokine standard. Tissue sections and staining. Paws were sectioned and stained with H&E for inflammatory cell infiltrate assessment. For osteoclast identification, adjacent paw tissue sections were stained for tartarate-resistant acid phosphatase (TRAP). Sections were incubated for 3 h in the TRAP staining solution containing 0.35 mM of naphthol AS-BI phosphate substrate (Sigma), 1% of N,N-dimethylformamide (EM Science), 3.7 mM of fast red violet LB diazonium salt (Sigma), 6.4 mM of tartaric acid (Sigma), and 0.4% MgCl 2 in 0.2 M sodium acetate buffer (pH 5.0) at 37°C in the dark. The slides were then washed with water for 5 min, followed by counterstaining with hematoxylin for 5 s. Multinucleated, TRAP-positive in contact with bone lacuna were considered osteoclasts. Additionally, paws were stained by immunohistochemistry using an antibody against mouse TNF-α (rat monoclonal antibody, clone MP6-xT22; Biolegend) and revealed by HRP secondary antibody to detect TNF-α protein expression. Semiquantitative analysis. All sections were evaluated by a blinded investigator (S.A.) who scored inflammation and bone resorption. The right hind paw was macroscopically graded daily, after stimulation with 50 μg of LPS (0, normal; 1, redness and swelling of one finger; 2, swelling of one or more fingers; and 3, swelling of the whole paw), with a maximum score of 3 per animal. Slides were coded and evaluated for the extent of inflammation (synovitis, pannus formation, or bone and/or cartilage destruction) and bone resorption on a scale consisting of grade 0 (no signs of inflammation), grade 1 (mild inflammation with hyperplasia of the synovial lining layer, minimal without cartilage destruction), and grades 2-5 (increasing degrees of inflammatory cell infiltrate, or cartilage and bone destruction by TRAP) as previously described (27) . Statistical analysis. Data are expressed as mean ± SEM of the results obtained from three independent experiments. Student's two-tailed t test was used for statistical analysis, and P < 0.05 was considered significant. In addition, repeated-measures ANOVA was done on CAS for values observed from days 2-7 in the tamLITAF(i) and WT mice (day 1 was omitted because all values in both groups were zero). The model included the treatment group [tamLITAF (i) vs. WT], time (day), and a group × day interaction. Wilcoxon rank-sum tests mean CAS for WT animals' tamLITAF(i) KOs were also performed.
